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Neurodevelopmental disorders are a group of conditions with 
impairments of the personal, social, academic or occupational 
behaviour. Autism spectrum disorder is a neurodevelopmental 
disorder with a high genetic component with a large fraction still 
unknown. In this dissertation we analyse two unexplored genomic 
variants: Chromosomal mosaicism and Ancestral polymorphic 
inversions. Chromosomal mosaic events are responsible for a small 
but significant proportion of patients with ASD (0.45%), with the 
additional detection of two loss of chromosome Y events. In 
addition, we developed a bioinformatic tool that improves previous 
methods to detect loss of chromosome Y: MADloy. In the study of 
ancestral polymorphic inversions, inv8p23.1 and inv17q21.31 
inversions were associated with autism risk. Improvements on the 
method to genotype ancestral polymorphic inversions allowed the 
prediction of a novel inversion in 22q11.21 region which has been 





Els trastorns del neurodesenvolupament son un grup de condicions 
amb discapacitats conductuals en els àmbits personals, socials, 
acadèmics o ocupacionals. Els trastorns d’espectre autista són un 
trastorn del neurodesenvolupament amb una gran component 
genètica, part de la qual encara es desconeguda. En aquest treball 
analitzem dues variants genòmiques poc explorades: els 
reordenaments cromosòmics en mosaic I les inversions ancestrals 
polimòrfiques. Els reordenaments cromosòmics en Mosaic son 
responsables d’una significant però petita proporció dels pacients 
amb trastorn d’espectre autista (0.45%), amb la detecció addicional 
de dues pèrdues del cromosoma Y. Addicionalment, s’ha 
desenvolupat una eina bioinformàtica que millora els mètodes 
previs per detectar la pèrdua de cromosoma Y: MADloy. En 
l’estudi de les inversions ancestrals polimòrfiques, les inversions 
inv8p23.1 i inv17q21.31 s’han associat amb el risc d’autisme. 
Millores en el mètode de genotipació de les inversions ha permès la 
predicció de una nova inversió localitzada a la regió 22q11.21 que 
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1 Neurodevelopmental disorders 
 
1.1 Definition of Neurodevelopmental disorders 
Neurodevelopmental disorders are a group of conditions with onset 
in the developmental period that typically manifest early in 
development and affect the central nervous system (Ehninger et al. 
2008). The characteristics of these disorders are developmental 
deficits that produce impairments of the personal, social academic 
or occupational behaviour. Due to the affectation of the neural 
system, neurodevelopmental disorders have a high prevalence of 
co-occurring with other psychiatric disorders like mood and anxiety 
disorders, obsessive-compulsive disorders and schizophrenia among 
others (B. H. King 2016).  
 
There are two theoretical approaches that analyse 
neurodevelopmental disorders, one that focuses on one or more 
impaired modules called neuropsychological account and the other 
that focus on cascades effects due to deficits during development 
called neuroconstructivism (D’Souza and Karmiloff-Smith 2017).  
 
1.2 Genetic aetiology of neurodevelopmental 
disorders 
Although multiple environmental factors acting during the prenatal, 
perinatal and/or early postnatal periods can cause 
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neurodevelopmental problems, genetics underlies the aetiology of 
the great majority of cases. However, the genetic aetiology of  
neurodevelopmental disorders is very diverse, and could be divided 
in a simplistic manner in four major groups as described in  




Edwards syndrome Trisomy of chromosome 18 0.0250 
Turner syndrome Monosomy of chromosome X 0.0400 
Jacobs syndrome 
Disomy of chromosome Y in presence of 
chromosome X (XYY) 
0.0545 
Triple X syndrome Trisomy of chromosome X 0.0550 
Klinefelter syndrome 
Disomy of chromosome X in presence of 
chromosome Y (XXY) 
0.0860 




Cri du chat syndrome 




~4 Mb deletion (~7 genes) of chromosome 15q11-
q13 (OMIM #176270 and #105830) 
0.0040 
Williams syndrome 




~4 Mb deletion (~7 genes) of chromosome 15q11-
q13 (OMIM #176270 and #105830) 
0.0067 
Velocardiofacial syndrome 
Hemizygous deletion (1.5 to 3.0-Mb) of 






Mutation in the HPRT1 gene on chromosome 
Xq26.2-q26.3 (OMIM #030322) 
0.0005 
Lowe syndrome 




Mutation in the CREBBP gene on chromosome 
16p13 (OMIM #180849) 
0.0008 
Cornelia de Lange syndrome 




Homozygous or compound heterozygous mutation 








Mutations in the MECP2 gene on the X-
chromosome (OMIM #312750) 
0.0080 
Phenylketonuria 
Mutations in the PAH gene on chromosome 12q23.2 
(OMIM #261600) 
0.0100 
Duchenne muscular dystrophy 
Mutation in the DMD gene on chromosome Xp21.2-
p21.1 (OMIM #310200) 
0.0143 
Tuberous sclerosis 
Mutations in the TSC1 or TSC2 genes on 
chromosome 9q34.13 or 16p13.3 (OMIM #191100 
and #613254) 
0.0167 
Neurofibromatosis type 1 
Mutations or deletion (~1.5 Mb) in the NF1 gene on 
chromosome 17q11.2 (OMIM #162200) 
0.0308 
Noonan syndrome 
Mutation in the PTPN11 gene on chromosome 
12q24.13 (OMIM #163950) 
0.0571 
Fragile X syndrome 




Foetal alcohol syndrome 
Multiple genes / Environmental Factors 
0.1000 
Cerebral palsy 0.1500 
Tourette syndrome 0.5000 
Schizophrenia 0.5500 
Autistic spectrum disorder 1.6500 
Developmental dyscalculia 3.0000 
Attention deficit hyperactivity 
disorder 
5.0000 
Intellectual disability 5.5000 




Specific language impairment 7.4000 
Speech sound disorder 10.0000 
 
 23 
(van Loo and Martens 2007) : 
 
• Group I: Disorders characterized by aneuploidies and large 
chromosomal rearrangements. 
• Group II: Disorders characterized by small chromosomal 
deletions or duplications that affect several genes. 
•  Group III: Disorders characterized by a mutation on one or 
two genes with causal implication in the disorder, either 
germline or mosaic. 
• Group IV: Disorders with complex aetiologies that are 
described with a combination of environment, genetic and 
epigenetic factors.  
 
The research of critical genes implicated in rare 
neurodevelopmental syndromes, mostly in the Groups II and III, 
allowed the identification of the stage of brain development and the 
pathways affected for correct development by studying the 
functionality of the genes in terms of proliferation, migration or 
connectivity between the neural cell populations (Engle 2010; 
Valiente and Marín 2010). However, complex or multifactorial 
disorders of group IV in which there is no clear molecular cause are 
more prevalent, and the proposed consequence is defects in the 
connectivity between cell populations caused by common mutations 
in several alleles (Hu, Chahrour, and Walsh 2014), what is known 
as the common disease/common variant model (Mitchell 2011). 
Table 1:  Neurodevelopmental disorders and its genetic aetiology and 
prevalence  




Something to take into consideration about neurodevelopmental 
genetics is that non-diseased brain is not genetically homogenous 
(Pack et al. 2005) with large amounts of variation derived from 
post- 
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Foetal alcohol syndrome 
Multiple genes / Environmental Factors 
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Cerebral palsy 0.1500 
Tourette syndrome 0.5000 
Schizophrenia 0.5500 
Autistic spectrum disorder 1.6500 
Developmental dyscalculia 3.0000 
Attention deficit hyperactivity 
disorder 
5.0000 
Intellectual disability 5.5000 




Specific language impairment 7.4000 
Speech sound disorder 10.0000 
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zygotic events that include aneuploidies (30-35%) (Yurov et al. 
2007), rearrangements mediated by long interspersed nuclear 
element-1 (L1) retrotransposon activity (Richardson, Morell, and 
Faulkner 2014), and other small rearrangements and point 
mutations. In addition, some cases of developmental brain disorders 
like Focal cortical dysplasia or Hemimegaloencephaly have been 
described to be caused by somatic mutations in critical genes, 
affecting only part of the brain (Poduri et al. 2013; Jamuar et al. 
2014). These cases exemplify that somatic mutations have a 
profound impact in the neural development, and can be the source 
origin of complex neurodevelopmental disorders without genetic 
diagnostic. 
 
1.3 Autism Spectrum Disorder 
Autism Spectrum Disorder (ASD) is one of the most frequent 
neurodevelopmental disorders (1.47/100) (U.S. Department of 
Health and Human Services 2014), diagnosed in children until after 
age 4 years. It was previously characterized by deficits in three 
behavioural domains in the Diagnostic and Statistical Manual of 
Mental Disorders IV (DSM-IV)(Hennes and Rodes 2011), but it its 
new version (DSM-V) these domains have been reduced to two: 
social interaction and communication, and repetitive and restrictive 
behaviours (American Psychiatric Association 2013). There is a 
difference of ASD prevalence between sexes (1 in 42 for males; 1 in 
189 for females), and its estimated heritability is higher than 50% 
(26 to 93%, depending on the more or less strict definition of the 
phenotype) (Miles 2011; Gaugler et al. 2014; Bourgeron 2016). The 
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recurrence risk in siblings of an affected individual of ASD is 7-
19% (Sandin et al. 2014). 
 
Due to its broad behavioural domains, ASD encompasses a wide 
range of phenotypic variation and disorders without a specific brain 
region or cellular type implicated. ASD diagnosis in DSM-V unifies 
the Autistic disorder, Asperger’s disorder and pervasive-
developmental disorder-not otherwise specified (PDD-NOS), and 
the ASD phenotypic characteristics overlap with phenotypes 
observed in other neuropsychiatric disorders, such as schizophrenia, 
attention deficit–hyperactivity disorder (ADHD) and obsessive-
compulsive disorder (OCD). In addition to the shared phenotypes, 
the genetic component of ASD has also been shown to be shared 
among all these neurodevelopmental syndromes and intellectual 
(Mitchell 2011; Bralten et al. 2017). 
 
One of the approaches to reduce the etiologic heterogeneity of ASD 
is to establish subgroups based on its familial occurrence, 
differentiating the idiopathic cases in families with only one 
individual with ASD (Simplex) from the familial cases with two or 
more affected individuals in 1st or 2nd degree relationship 
(Multiplex). The study of ASD patients following this 
differentiation reported more than threefold rate of de novo 
mutations in idiopathic cases (~7-10%) compared to multiplex cases 
(~2-3%) (Sebat et al. 2007; Marshall et al. 2008),  but no significant 
differences were found in their phenotypic impairments (Oerlemans 




1.4 Genetic architecture of autism spectrum disorders 
The genetic aetiology of ASD is very heterogeneous, with 881 
genes and 2177 copy-number variants (CNV) currently associated 
as reported in SFARI Gene (www.gene.sfari.org, July 10, 2017), a 
updated database. However not a single genetic variant is present in 
more than 1-2% of ASD cases (Figure 1). Of those variants, cases 
with high penetrant variants only account for roughly 5% of the 
cases and are rare, while lower penetrant variants are more common 
and accounts for 49% of ASD inheritance in non-syndromic cases 
Figure 1: Genetic contribution to ASD population 




(Huguet, Ey, and Bourgeron 2013; Rosti et al. 2014; de la Torre-
Ubieta et al. 2016).  
This genetic heterogeneity has led to propose two genetic models 
not mutually exclusive and still subject to debate: A polygenic risk 
model (Gaugler et al. 2014), and a major gene model (O’Roak et al. 
2012): 
 
• Polygenic risk model: This model assumes that the 
combination of additive small-risk variants with the 
environmental factors can exceed a risk threshold for 
developing ASD, and is supported by the recurrence of ASD 
in families, the genetic heterogeneity of ASD-diagnosed 
siblings of ASD patients, where 69.4% of them carry 
different ASD-relevant mutations than its brothers (Yuen et 
al. 2015), and the heritability estimates in monozygotic and 
dizygotic twin studies. 
• Major gene model: This model assumes that either one 
highly penetrant rare mutation or a limited number of 
moderately to highly penetrant mutations are sufficient to 
cause ASD, supported by the syndromic causes and the 
significant increase in damaging de novo mutations found in 
ASD cases as compared to their unaffected siblings. 
 
Regarding sex bias, it has been reported that male to female 
prevalence ratio is lower in syndromic ASD cases (3.5:1) than in 
non-syndromic cases (6:1) (Elsabbagh et al. 2012), suggesting a 
mediation by unknown factors in common variation with protective 
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effect in females (E. B. Robinson et al. 2013). Furthermore, there is 
a significant contribution of de novo variants and CNVs with a 
paternal origin to ASD in Simplex cases (Dong et al. 2014), 
consistent with the effect of increased paternal age in 
neurodevelopmental outcomes, specifically in autism (Nybo 
Andersen and Urhoj 2017).  
 
Recent studies have shown that post-zygotic mutations in 
mosaicism detectable in blood constitute the 7.5% of all de novo 
mutations detected in ASD, which account for a 6% of the aetiology 
of ASD, and that these mutations are more deleterious in ASD 
patient’s brain-expressed critical exons than in unaffected siblings. 
Moreover, these mutations affect mainly genes expressed in 
amygdala, suggesting a possible explanation to the increased male 
to female ratio in non-syndromic autism (Lim et al. 2017; Dou et al. 
2017). 
 
2 Genetic mosaicism 
 
2.1 Definition of genetic mosaicism 
Genetic mosaicism is a term that describes the presence of 
genetically distinct cell populations in an individual due to 
postzygotic alterations (Youssoufian and Pyeritz 2002). It is 
classified depending on the affected tissues as somatic, gonadal or 
gonosomal mosaicism. Somatic mosaicism is designated when the 
altered mosaic cells are not carried down to the descendants because 
they are present only in the soma, all the cells that are not part of the 
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gonads. Gonadal mosaicism is designated when the altered mosaic 
cells are present only the gonads. If the mosaic variant is present in 
both tissues, the soma and the gonads, it is designated as 
gonosomal mosaicism. 
 
In addition to the previous classification, mosaicism can be 
differentiated by the size of the mutation in two categories, 
sequence mosaicism, that includes single nucleotide variants, 
indels and tandem repeats, and chromosomal mosaicism, that 
includes copy-number variants, uniparental disomy and aneuploidy. 
The types and the mechanisms that originate these are further 
described in section 3.2. 
 
Although genetic mosaicism would seem an exceptional event, it is 
a rule rather than exception (Fernández, Torres, and Real 2015; 
Abyzov et al. 2017). If we consider 1016 as the number of somatic 
cell divisions during a lifetime in an individual, a diploid human 
genome size  of 6·109 base pairs, and an estimated somatic mutation 
rate of 10-8 per base pair and replicative cycle in somatic cells, we 
would expect an average of 10·1016 mutations in a single individual 
for a lifetime (Lynch 2010; Milholland et al. 2017)).  These 
expected mutations do not account for structural events, which have 
a lower rate of de novo generation but a length that increases its 
impact, and therefore the estimated number of mutations should be 
higher (Itsara et al. 2010). In addition, most of these mutations takes 
place postnatally due to the low number of divisions from zygote 
formation to birth (Figure 2). The generation of this diverse cell 
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population has been proposed to have a role in adaptation to 
physiological changes and cell fitness (Fernández, Torres, and Real 
2015).  
 
Mutations can arise in gonadal cells as well, where the mutation rate 
is higher than somatic mutation rate (10-11 mutations per base pair 
per replicative cycle) (Milholland et al. 2017), as well as structural 
variants (10–30% of fertilised oocytes are aneuploid, compared to 
only 1–2% of spermatozoa ) (Hassold and Hunt 2001), but the 
number of divisions is much lower (401 in males, 31 in females) 
(Crow 2000). The consequences of mosaicism in gonads is that the 
alteration will be transmitted to the offspring and will be considered 
Figure 2:  First few weeks of embryogenesis in humans 
Made by Zephyris. CC-BY-SA-3.0 license 
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a de novo alteration. This case is exemplified with several reported 
cases of inherited aneuploidies in children where the main cause is 
the presence of gonadal mosaicism in their parents (Delhanty 2011). 
 
Chromosomal mosaicism detectable in blood has been associated 
with individual age. The prevalence of mosaic (autosomal) 
chromosomal events >2Mb in healthy individuals less than 50 years 
old is 0.23%, while it increases to 1.91% in individuals older than 
75 years old (Jacobs et al. 2012). In elder male population, loss of 
chromosome Y detectable in peripheral blood is the most common 
acquired alteration during life. It has been associated with increased 
risk of Alzheimer (Jan P. Dumanski et al. 2016), secondary 
outcomes in cardiovascular defects (Haitjema et al. 2017), all-cause 
mortality, and nonhematologic cancer incidence (Forsberg et al. 
2014).  
 
2.2 Factors that affect mosaic events 
Having into account that genetic mosaicism is a common event, its 
development, impact and our ability to detect it will depend in the 
following factors: 
 
• Developmental stage: The developmental stage when the 
mosaic event arises will determine the tissues affected. Our 
whole organism derives from a unique zygote with a unique 
chromosomal makeup, and the following mitotic divisions in 
the embryo development have the potential to trigger a 
mutation that can be passed down to its derived cell, 
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generating a mosaic event that can affect several tissues 
(Figure 3). As developmental stage progresses, the potential 
of a new mutation to be passed down, affecting other tissues 
and generating a mosaic event will decrease. 
 
• Asymmetric cellular dynamics in development: 
Throughout embryo development, the dynamics of the 
mitotic divisions are asymmetric (Ju et al. 2017). The 
consequences of this asymmetry are that the unequal number 
of divisions can lead to unbalanced proportions in cell 
populations even in the absence of selective pressure. 
 
Figure 3: Influence of somatic mutations in cell distribution  




• Selective pressure: It can happen that the mutation makes 
the cell not viable, per example by affecting essential genes 
of the cell division process. However, when the mutation 
does not affect cell viability it will be subject to selective 
pressure, and those more suited will proliferate more, 
modifying the cellular proportions accordingly. There are 
several examples of this factor, such as mosaic 
monosomy/trisomy that result in foetal miscarriage for some 
aneuploidies if are non-mosaic. 
 
• Interaction between cell populations: There are several 
types of interaction between mosaic cell populations 
described that lead to cooperation between cell populations 
(Burrell et al. 2013) or competition (Moreno and Rhiner 
2014) that will determine the consequences of mosaicism, as 
well as its proliferation or removal. 
 
• Genes affected: The genes affected by the mutational event 
will dictate the outcome of the cell population. If the gene or 
genes affected are essential genes required for normal cell 
development, the most probable consequence will be the 
loss of the mosaic population.   
 
2.3 Implications in health and disease 
The phenotypic consequences of genetic mosaicism are very diverse 
and depend on the factors stated in the previous section 2.2, as well 
as the expression profile of the genes and the affected tissue or 
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tissues. Although mosaicism is only associated with sporadic 
disease, there are common physiological processes that takes 
advantage of these events. Some examples are the adaptive immune 
system that promote variant generation (Di Noia and Neuberger 
2007), and the polyploidy mechanisms present in human liver 
hepatocytes (Duncan 2013). However, the most noticeable genetic 
mosaic events are related with disease processes.  
 
Regarding clinical manifestations, mosaic events can be 
differentiated between mosaic manifestation of Mendelian 
disorders and disorders only manifested in mosaicism (Table 2) 
(Biesecker and Spinner 2013; Gottlieb, Beitel, and Trifiro 2001). 
Mosaic manifestations of Mendelian disorders are mosaic forms of 
the same mutations that underlie disorders, inherited usually in an 
autosomal dominant pattern, that are compatible with life viability 
when constitutional. The disorder can have a milder effect in the 
mosaic form due to variable expressivity, exemplified in several 
cases of children with developmental disorders due to the arise of 
somatic mosaic events in early stages of development (D. A. King 
et al. 2015). On the other hand, disorders only manifested in 
mosaicism are disorders only possible in mosaic form due to 
incompatibility with viability when constitutional, and usually are 
incapable of germline transmission.  
 
Some disorders only manifested in mosaicism are caused by the 
clonal proliferation of mosaic cells called aberrant clonal 
expansions. These expansions are the consequence of dysregulation 
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of genes connected to cancer development, which are frequently 
affected by mutational events due to the aging process, with the  
Table 2:  Selection of disorders and diseases that show somatic 
mosaicism  
Extracted from Gottlieb, Beitel, and Trifiro (2001)  
 
Mendelian disorder in mosaic Mutated gene 
Alport syndrome (OMIM # 301050) COL4A5 
Angelman syndrome (OMIM # 105830) UBE3A 
Conradi-Hunermann-Happle syndrome (OMIM # 302960) EBP 
Darier-White Disease (OMIM # 124200) ATP2A2 
Double cortex syndrome (OMIM # 300067) DCX 
Duchenne muscular dystrophy (OMIM # 310200) DMD 
Dyskeratosis congenita (OMIM # 305000) DKC1 
Fanconi’s anemia FANC gene family 
Fascioscapulohumeral muscular dystrophy (OMIM # 158900)  
Friederich ataxia Frataxin 
Glycophorin A  
Haemophilia A Factor VIII 
Haemophilia B Factor IX 
Hunter disease  
Larsen syndrome  
Linear nervous sebaceous Syndrome  
Lowe syndrome ORCI1 
Marfan syndrome FBN1 
Myotonic dystrophy  
Neurofibromatosis type 1 NF1 
Neurofibromatosis type 2 NF2 
McCune-Albright sydnrome  
Non-McCune-Albright fibrous dysplasia GNAS1 
Pallister-Killian Syndrome  
Periventricular nodular heteropia  
Progressive osseus heteroplasia  
Proteus Syndrome  
Pseudoachrondoplasia COMP 
Retinoblastoma RB1 
Rothmund-Thompson syndrome RECQL4 
Tuberous sclerosis complex TSC1 & TSC2 
Trisomy in chromosomes 8, 9 or 14  
Von Hippel-Lindau syndrome  




potential to develop a carcinogenic process (Forsberg, Gisselsson, 
and Dumanski 2016; Fernández, Torres, and Real 2015). As stated 
previously, one of the most common aberrant clonal expansion is 
the loss of chromosome Y, that will be further explained in section 
2.5 because its importance in this work. 
 
In addition to these disorders, there are also mechanisms of 
spontaneous genetic reversion that generate mosaic cell populations 
to restore pathogenic variants. Two examples are Bloom syndrome 
and Fanconi anemia, where intragenic recombination, back 
mutation and compensatory mutations mechanisms have been 
described in some cases in order to reverse the mutations causing 
the disorder (Youssoufian and Pyeritz 2002) 
Figure 4: Confined Placental Mosaicism 
A. Mosaic population of trisòmic cells in both placenta and the embryo. B. 
Confined placental mosaicism. C. True foetal mosaicism. 





Reversion mechanisms for aneuploidies during early development 
can generate mosaic populations in placental tissue, what is known 
as confined placental mosaicism. Confined placental mosaicism is a 
discrepancy between placental cells and the embryo cells genome 
(Figure 4). It has been reported that at least 10% of the gametes 
have aneuploidies (Hassold and Hunt 2001), and that up to 70% of 
human embryos display CNV or whole chromosomal aneuploidies 
in at least one blastomere during the first week of embryogenesis 
(Vanneste et al. 2009), but most of these anomalies do not affect the 
foetus thanks to a rescue mechanism that restricts the aneuploidy to 
the placental cells. Due to the possible consequences of aneuploidy 
in development, it is important during prenatal testing to 
differentiate confined placental mosaicism from true foetal 
mosaicism (Grati 2014). 
 
Somatic mutation events also have important consequences in the 
analysis of transmitted alleles, recurrence risk and genetic 
counselling. In cases where causal disease variants are originated in 
gonadal mosaic events, the consideration of mathematical models 
that account for mosaicism can improve recurrence risk estimations 
(Campbell et al. 2015).  
 
Finally, one of the main limitations when studying the mosaic 
events is the tissue sample analysed, as we have already commented 
for confined placental mosaicism. The mosaic distribution of any 
genetic or genomic variant is likely to be variable among the 
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different tissues. Thus, the information obtained with any 
experimental assay is always partial and depends on the cellular 
types included in the sample analysed. Usually, the preferred tissue 
for genetic analyses is peripheral blood due to its availability, easy 
and non-invasive extraction procedures and purification, but there 
are multiple examples where mosaic events were found in fibroblast 
DNA and not in lymphocytic DNA (Giraldo et al. 2016; Azcona, 
Bareille, and Stanhope 1999). Therefore, the analysed tissue, ideally 
more than one, must be taken in consideration when performing 
analysis and drawing conclusions about mosaicism. 
 
2.4 Types and mechanisms of genetic mosaicism 
When describing genetic mosaic events several types of mutations 
can alter the genomic sequence or the chromosome organization 
and generate the mosaic cell population (Figure 5). In addition to 
epigenetic modifications, there are six main types of mutational 
events that generate genetic mosaicism: 
 
• Sequence variants: One of the most common types of 
mosaicism is due to sequence variants in the DNA. Our 
DNA is always exposed to endogenous and exogenous 
agents that damages and modify the genetic sequence. 
Several repair pathways exist to revert the damages 
generated by these agents, but in some cases these damages 
cannot be repaired and generates a persisting error in the 
sequence, in the form of base mismatch, methylation, 
deamination, insertion or deletion among others. Affected 
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cells with extensive genome instability will be removed via 
programmed cell death or apoptosis, but those that does not 
have instability can generate a mosaic population 
(Chatterjee and Walker 2017). 
 
• Retrotransposon-induced mutations: Other mutational 
agents that generate mosaic cell populations are the short-
interspersed nucleotide elements (SINE or Alu) and the 
long-interspersed nucleotide element-1 (LINE-1 or L1) 
retrotransposons. L1 retrotransposons are transposable 
elements present in the human genome that accounts approx. 
for 17% of the whole genome. Approximately 80-100 of 
those elements are active in an individual genome, with the 
Figure 5: DNA damaging agents and repair pathways 




ability to retrotranspose and insert its sequence in other 
regions of the genome, but its functionality is restricted in 
somatic cells due to methylation. However, L1 
retrotransposons plays an important role in neural 
proliferation and plasticity where they are not methylated. In 
addition, L1 retrotransposition is associated with large-scale 
rearrangements, specifically translocations (Brouha et al. 
2003; Richardson, Morell, and Faulkner 2014). 
 
• Tandem repeat variation: There are several expansion 
mechanisms of tandem repeat variation associated with 
known disorders (Fragile X syndrome, Huntington disease) 
that take place in cell division, and can generate mosaic cell 
populations with several degrees of the trinucleotide 
expansion. 
 
• Copy-number variants: Regarding gene copy-number 
variants (CNV), two types can be differentiated, recurrent 
and non-recurrent. Recurrent CNVs are generated by non-
homologous recombination between segmental duplications, 
low copy repeats sequences (>10000 bp) with high 
homology (>95%). Recurrent CNVs are formed during 
meiotic divisions and usually do not generate mosaic events. 
Non-recurrent CNVs are generated by replication-dependent 
repair pathways that involve small microhomologies (>10 
bp) mainly during mitotic divisions. The main mechanisms 
implicated are Break-induced Replication (BIR) and 
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alternative nonhomologous end joining (Alt-NHEJ), but 
others mechanisms are also in study. (Conover and Argueso 
2016; Hastings et al. 2009) 
• Uniparental Disomy: Uniparental disomy (UPD) stretches 
can also be the source of a mosaic cell population. In this 
type of event, there is no gain or loss of a chromosomal 
region. Instead, the stretch has the same parental origin. If 
both chromosomal regions are from the same parental 
chromatid, it is called isodisomy, and if are from different 
chromatids of the same parental, it is called heterodisomy. 
Uniparental disomy in mosaicism can be generated through 
5 mechanisms: Trisomic rescue, compensatory UPD, 
somatic recombination, gene conversion and mitotic 
nondisjunction. Trisomic rescue takes place during 
development and  requires a disomy in one of the gametes, 
usually with a maternal meiotic origin. When trisomic 
zygote divides, one of the extra chromosomes is lost before 
blastocyte formation in order to be viable. The two selected 
chromosomes that will conform the foetus can be one from 
each parent, or both from the mother, generating the mosaic 
UPD. This process has been extensively studied in cases of 
confined placental mosaicism, where the samples of the 
chorionic villus have a trisomic karyotype and the foetus 
have a mosaic trisomy with large cell fractions of mosaic 
UPD. Compensatory UPD is a mechanism where the 
presence of abnormal chromosomes (ring chromosomes) or 
the absence of a chromosome will trigger a nondisjunction 
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or a duplication of the chromosome to restore the 
chromosomal number. UPD can also arise from somatic 
recombination with a reciprocal exchange between two 
chromatids in mitotic divisions, generating a region of 
isodisomy. Additionally, DNA repair mechanisms, 
specifically break-induced replication with homology 
pattern can repair damaged genes by copying the 
homologous strand and generating small stretches of 
uniparental disomy. Finally, nondisjunction in mitotic 
division can generate reciprocal uniparental disomies in 
daughter cells as well as other complex rearrangements (W. 
P. Robinson 2000; Lapunzina and Monk 2011; Sakofsky 
and Malkova 2017). 
  
• Aneuploidy: Aneuploidy is the abnormality of losing or 
gaining one chromosome in the genome. Aneuploidy occurs 
in >10% of human pregnancies being a major cause of 
miscarriage and the major impediment in assisted 
reproductive technology (Nagaoka, Hassold, and Hunt 
2012). It usually takes place during gamete formation in the 
meiotic divisions, where the main mechanisms involved are 
nondisjunction (NDJ), premature separation of sister 
chromatids (PSSC) and reverse segregation, but it can also 
occur in mitotic division by NDJ and Anaphase lagging 
(AL). NDJ can take place in meiosis I, meiosis II or mitosis, 
when chromosome segregation fails and homologous 
chromosomes (meiosis I or mitosis) or sister chromatids 
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(meiosis II) segregate together instead to the opposite poles. 
PSSC occurs in the meiosis I and implies that one of the 
sister chromatids segregates with the homologous 
chromosome. Reverse segregation also takes place in 
meiosis I and consists of the joint segregation of sister 
chromatids instead of the homologous chromosome pair to 
each pole, implying possible alignment problems during 
metaphase II. Anaphase lagging take places in mitosis due to 
abnormal short telomeres or mitotic checkpoint slippage. 
Aneuploidy in the gametes could lead to gamete 
complementation and the generation of constitutional 
uniparental disomies in the zygote (Hassold and Hunt 2001; 
Webster and Schuh 2017). 
 
2.5 Mosaic loss of chromosome Y 
As stated previously, mosaic loss of chromosome Y is the most 
common acquired genetic alteration during life detected at least in 
peripheral blood of males. This aberrant clonal proliferation has 
been associated with increased risk of Alzheimer (Jan P. Dumanski 
et al. 2016), secondary outcomes in cardiovascular defects 
(Haitjema et al. 2017), all-cause mortality, and nonhematologic 
cancer incidence (Forsberg et al. 2014), with some controverted 
results in other studies (Zhou et al. 2016).  
 
Due to the unique characteristics of the sex chromosomes, with sex-
specific and shared regions in both chromosome X and Y, these 
chromosomes were routinely ignored when using genome wide 
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information in association analyses (Winham, de Andrade, and 
Miller 2014). However, the availability of genome-wide genotypes 
of multiple general population samples of males has sparkled the 
interest of testing mosaic loss of chromosome Y (mLOY) through 
the study of the male-specific region of chromosome Y (msY, 
chrY:2,694,521-59,034,049, hg19/GRCh37) (Skaletsky et al. 2003) 
(Figure 6). 
The current methods used to detect Loss of chromosome Y events 
(Forsberg et al. 2014; Jan P. Dumanski et al. 2016; Haitjema et al. 
2017) rely in the median Log R Ratio of the probes in the msY 
region obtained from genotyping SNP arrays. The classification 
between mLOY and normal samples are determined by a fixed 
threshold that considers experimental variation of LRR values in the 
msY region and a confidence interval of the LRR values 
distribution. 
  
Figure 6: Chromosome Y structure 
a. Representation of chromosome Y, highlighting the Male-specific region. 
b. Description of the different sequence classes present in the male-specific 
region of chromosome Y. 





3 Submicroscopic polymorphic inversions 
 
3.1 Definition of polymorphic inversion 
Inversions are copy-neutral genomic rearrangements with a change 
in orientation of a segment of DNA within a chromosome. These 
genetic variants are a common feature of the human genome (Pang 
et al. 2010) as well as other genomes of animals and plants, and 
have been reported to be implicated in speciation, population 
diversification, and complex diseases (Puig, Casillas, et al. 2015). 
Some inversions have not been fixed in humans and/or have 
occurred more than once during human evolution, so they are 
polymorphic with different frequency in the human populations. 
 
While some large chromosomal inversions detectable by 
conventional cytogenetics have been known for decades, it is only 
in the last decade that several submicroscopic (0.1 to 5Mb in size) 
polymorphic inversions were detected, validated and well 
characterized (Kidd et al. 2008; Antonacci et al. 2009). The 
advances, predictions and validations in the field have led to the 
development of a human inversions database (Martínez-Fundichely 
et al. 2014). However, there are different types of polymorphic 
inversions, and this work will focus the attention in the study of 
ancestral polymorphic inversions that are present at a relevant 
frequency in the human population. 
 
3.2 Ancestral submicroscopic polymorphic inversions 
47 
Ancestral submicroscopic polymorphic inversions (referred as 
inversions from here) are chromosomal regions with varying sizes 
(from 0.1 to 5 Mb) located between two breakpoints that do not 
result in sequence gain or loss, originated during evolution. The 
ancestral origin of some inversions has been thoroughly studied 
using sequence phylogenetic analysis and comparing chromosomal 
structure with human ancestors (Salm et al. 2012; González et al. 
2014). The evolutionary effect of inversions is the suppression of 
recombination in heterozygous individuals, which enhances the 
conservation of the region affected by the inversion and allows the 
divergence between alleles (Kirkpatrick and Barton 2006). 
In many cases, the ancestral polymorphic inversion breakpoints are 
flanked by large sequence block pairs (>100 Kb each one) of 
repetitive sequence called segmental duplications, with high 
homology between both blocks (>90%) and inverse orientation. 
Those inversions are thought to have arisen by non-allelic 
homologous recombination (NAHR) mechanisms between 
segmental duplication pairs (Figure 7). As previously stated, the 
relationship between ancestral polymorphic inversions and 
population diversification has important implications in the study of 





The study of these inversions poses a challenge due to the 
properties of segmental duplications, that hinders sequence 
alignment methods to identify the inversion alleles, unless one of 
the alleles have specific variants that allow its identification. The 
usual strategies to identify inverted alleles had relied on 
fluorescence techniques such as Fluorescence In-Situ Hybridization 
(FISH) and other low throughput methods (Antonacci et al. 2009), 
while the analysis of mutations in the inversion alleles at population 
level has allowed the characterization of each inversion allele and 
its frequency in the different human populations for a few number 
of inversions (Cáceres and González 2015).  
 
However, newer sequencing methods that analyse the orientation of 
reads for each chromosomal strand and don’t rely on the ancestral 
divergence between alleles have uncovered up to 111 inversions, 
some of which were previously detected, validated and 
characterized (A. D. Sanders et al. 2016) 
  
Figure 7: Origin of an ancestral polymorphic inversions by 




3.3 Implications of ancestral polymorphic inversions 
in health and disease 
The functional implications of ancestral polymorphic inversions and 
their possible involvement in health and disease can be due to 
several mechanisms alone or in combination: 
 
• Differential expression of genes: Nucleotide changes in the 
gene sequence and/or differences in the three-dimensional 
structure of the different alleles, non-inverted and inverted, 
can alter the expression of the genes. In addition, the 
changes in the position or structure of regulatory elements 
for each allele can also affect the expression. 
 
• Gene disruption: Gene sequence can be disrupted by the 
inverted breakpoints of the inversions, rendering the gene 
with reduced functionality or non-functional or generating 
novel fusion transcripts (Puig, Castellano, et al. 2015) 
 
• Predisposition to microduplications and microdeletions: 
The presence of one member of a segmental duplication pair 
not related with the inversion breakpoints in the inversion 
region can predispose to generate microdeletions and 
microduplications by non-allelic homologous recombination 
in the alleles where de segmental duplication pair are in 




• Reduced fertility: The result of a recombination event in a 
heterokaryotic individual for a paracentric inversion can 
lead to the generation of dicentric or acentric chromosomes 





Figure 8: Generation of non-viable chromosomal deletions 





The genetic aetiology of complex neurodevelopmental disorders is 
still incomplete. For this reason, the contribution of two unexplored 
genetic variants to autism spectrum disorders is analysed: 
Chromosomal mosaicism and ancestral polymorphic inversions. 
 
Chromosomal mosaicism could play a relevant role in 
uncharacterized neurodevelopmental disorders as it has been 
previously implicated in some rare developmental and 
malformation disorders. The fact that multiple chromosomal 
mutations can arise in soma during embryo development and are 
non-inherited implies a source of variation to take into 
consideration. 
 
Mosaic events affecting gonosomes could contribute in 
neurodevelopmental disorders. The study of sexual chromosomes is 
challenging, and current mosaic loss of chromosome Y analyses 
methods can be discussed and improved. 
 
Ancestral polymorphic inversions can explain part of the missing 
common heritability in neurodevelopmental disorders. Some of 
these, common structural variants encompass and may alter the 
expression of genes important for neurodevelopment. 
 
52 
The study of both variants in population can be performed with 
SNP-array data already available of large cohorts of patients and 
controls, without the need to generate new genotype data. 
The results we expect to obtain can give insight in the implication 
of chromosomal mosaic events and ancestral polymorphic 
inversions to neurodevelopmental disorders, as well as newer 
methods to detect mosaic loss of Y events that can be applied to 




To define the contribution of two genetic variants, chromosomal 
mosaic events and ancestral polymorphic inversions, to some 
uncharacterized neurodevelopmental disorders. 
Specific Objectives 
The above objective will be accomplished by fulfilling the 
following research objectives: 
• To study the contribution of chromosomal mosaic events to
Autism spectrum disorders.
• To improve methods to detect mosaic loss of chromosome Y
using genotyping SNP array data that enhances the methods
proposed in the current state of the art.
• To study the contribution of ancestral polymorphic








1 Single Nucleotide polymorphisms arrays 
SNP genotyping arrays measures common genetic variations, called 
single nucleotide variants (SNP), between members of a species. A 
SNP is a single base pair mutation at a specific site in the DNA that 
is usually characterized by two alleles that determines its genotype. 
To be classified as a SNP, a single nucleotide variant must be 
present in at least 1% of the population and species in which is 
identified.  
 
There are two major manufacturers of SNP genotyping arrays, 
Illumina and Affymetrix, but both manufacturers take advantage of 
the principle of DNA hybridization and fluorescent dye to identify 
which nucleotide of the two alleles is present for a given SNP. The 
identification method differs between manufacturers and platforms, 
but both manufacturers compare the fluorescent signals of both 
alleles to identify the genotype. These principles also allow the 
identification of small insertion and deletion variants that can be 
present in the population. Its applications range from ancestry 
determination, quality control, to determination of risk alleles. 
Regarding the number of variants analysed in an array, up to 4.3 
million of variants can be identified for a single individual for 
Illumina products and up to 10 million of variants for Affymetrix 




Processing the data from allele intensity to genotypes is different for 
each technology, with proprietary software available in order to 
obtain the genotypes. In fact, there is a common principle where the 
two signals for each SNP are normalized and processed, to finally 
obtain two measures, the Log R Ratio and the B Allele Frequency. 
The Log R Ratio (LRR) value is the normalized measure of total 
signal intensity and provides data relative to copy number. Since 
LRR is the logged ratio of the probe intensity to expected intensity, 
deviation from zero is evidence for copy number change. The B 
Allele Frequency (BAF) is derived from the ratio of allelic probe 
intensity and provides data relative to allele proportion or allele 
composition. In normal samples the expected values are 0 and 1 for 
homozygous genotypes (AA, BB) and 0.5 for heterozygous 
genotypes (AB). (Figure 9, Normal event) 
Figure 9: Simulation of BAF and LRR patterns for different 
chromosomal configurations. 
This figure represents several chromosomal configurations in a genotyping 
array. Each interrogated SNP is represented by a red and a black dot. Log R 
Ratio points are coloured in black, while B Allele Frequency in red. The 
different configurations start with a normal diploid sample in the left and for 
each event (gain, loss, uniparental isodisomy) there is a mosaic event 





 Deviations from the expectations in are indicative of a copy-
number change, usually in the form of the separation of the 
heterozygous BAF SNPs values in two bands with the same 
separation from 0.5, what is known as BAF split (Figure 9). The 
distance between the two bands to 0.5 is known as B deviation 
(Bdev). Cellularity of events is calculated using B deviation 
(Rodríguez-Santiago et al. 2010), but this method limits the 
detection capacity of gain events to 14% and loss and uniparental 
disomy events to 7% due to B Allele Frequency background noise 
and the limitation in allelic ratio for gain events. 
 
2 Genomic mosaicism detection 
The detection of genomic mosaicism can be performed any method 
which allows to count different cells or events from the same 
individual. This includes from classic karyotyping analysis, to 
Fluorescence in situ hybridization (Sachdev et al. 2017), 
comparative-genomic hybridization and its array variation 
(Ostroverkhova et al. 2002; Scott et al. 2010), PCR-based methods 
(qPCR, DD-PCR), protein truncation test, or even sequencing 
methods (Whole-genome, whole-exome, targeted sequencing, 
single cell and molecular inversion probes among others). The 
resolution of the technique limits the type of genomic mosaic event 
that can be detected. For instance, SNP array, due to the analysis of 
a fixed set of variants determined by the platform, only allows to 





MAD R Package 
The MAD R package was developed to detect chromosomal 
mosaicism using SNP array data (González et al. 2011). The 
method is based on the detection of consecutive positions with 
alterations on the B Allele Frequency with the genome alteration 
detection analysis (GADA) method (Pique-Regi et al. 2008). These 
regions are then classified according to its Log R Ratio values 
between gains (LRR > 0), losses (LRR < 0) and copy-neutral loss of 
heterozygosity (Uniparental isodisomy) events (LRR ≈ 0). 
 
triPOD Software 
triPOD Software was developed to be a more sensitive software to 
detect chromosomal rearrangements using SNP array data by 
detecting anomalies in complete trios (Baugher et al. 2013). The 
Figure 10: triPOD graphical output 
Graphical representation of the LRR (upper panel; Black), BAF (mid panel; 
Blue) for the child of a trio where two events were detected (bottom panel): a 
mosaic uniparental disomy in the maternal inherited chromosome (Green) 
and a mosaic loss in the paternal inherited chromosome (Red) detected with 
triPOD. 
Extracted from Baugher et al (2013) 
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Parent of Origin Detection method identifies which SNPs are 
informative for abnormal parental contribution, as well as the 
parental origin of the event. The advantages of this method are the 
detection of events at extreme cellularity values (>85% and <15%), 
with a higher sensitivity than MAD (Figure 10). 
 
3 Ancestral polymorphic inversions analysis 
Ancestral polymorphic inversions, as explained in section 3 of the 
introduction in page 46, still remain to be fully characterized in 
humans due to the presence of segmental duplications at the 
breakpoints. This section explains briefly the computational and 
analytical methods most relevant for this thesis, although not all the 
existing methods are considered. 
 
3.1 Computational analysis 
Computational analysis of inversions is performed with two R 
packages that use the genotype data generated with SNP arrays, but 
can also be used with variants obtained by other methods, like NGS 
data. 
 
Detection of inversions – inveRsion R package 
The inveRsion package (Cáceres et al. 2012) allows to search for 
inversion signals across all genome without previous knowledge of 
the breakpoints, by measuring differences in linkage disequilibrium 
between SNP blocks across inversion breakpoints for a fixed 
window size. A positive Bayes Information Criteria signal of the 
tested window indicates that the region likely harbours an inversion, 
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while negative signals indicates that no inversion is present 
(¡Error! No se encuentra el origen de la referencia.). 
 
Inversion genotyping – InvClust R package 
The invClust R package allows to accurately infer the inversion 
status on large number of subjects considering the ancestry 
background of each sample by relying in the differences in linkage 
disequilibrium between breakpoints and capturing internal 
haplotype groups.  
 
3.2 Experimental analysis 
Experimental analysis has been used mainly to validate candidate 
regions where an inversion is suspected to be present. Due to the 
complexity of the regions where inversions occur and the cost of the 
techniques (most of them only applicable to individual samples), the 
process is difficult and there is no gold standard. 
 
Fluorescence in situ Hybridization (FISH) 
Fluorescence in situ hybridization is a cytogenetic technique that 
uses fluorescent probes that bind to complementary sequences of 
interest in fixed chromosomes when cells are in metaphase stage. 
The use of different fluorescent dyes in a single assay allows testing 
the colour sequence of signals in order to determine its structural 
organisation. One example is the FISH of inv17q21.31 (Figure 11). 
There are several other applications of this technique other than 





Fiber-FISH is an alternative to FISH where chromosomes are 
attached to a slide and stretched in a straight line by applying a 
mechanical shear along the slide, allowing a higher resolution than 
conventional FISH assays. 
 
Figure 11: FISH Inversion assay 
(A) Diagram of the human genomic probes. In the non-inverted state green 
and red labels are >2 Mb apart and appears as two distinct signals. In the 
inverted state, the two probes map less the 2 Mb apart and appear as a merged 
yellow signal. Dashed blue lines indicate inversion breakpoints. (B) FISH 
assay to distinguish the orientation of the 17q21.31. Probes A and B map >2 
Mb apart in the non-inverted state and appear as two distinct signals (red and 
green). In contrast, probes A and B map less the 2 Mb apart in the inverted 
state and appear as a merged yellow signal (C). Reciprocal assay on the same 
samples using probes A and D. (E) Determination of the inversion status by 
PCR and SNP genotyping. 
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Chromosomal mosaic events and ancestral polymorphic inversions, 
two different types of genetics variants, contribute significantly to 
autism spectrum disorders (ASD).  
The results obtained in the analysis of chromosomal mosaicism, 
available in chapter 1, are that a small autosomal chromosomal 
mosaicism rate was detected in ASD probands blood samples 
(0.45%). The majority of these events (80%, 16/20) were 
undetected in previous copy-number analyses of the same data 
(Pinto et al. 2010; S. J. Sanders et al. 2011), and are likely 
pathogenic. Regarding the contribution of nine analysed ancestral 
polymorphic inversions, only two, inv8p23.1 and inv17q21.31 have 
a statistical significant association with ASD (inv17q21.31, p = 
1.14E-02; inv8p23.1, p = 9.34E-03), and an over-transmission 
compared to healthy siblings. The association of these two ancestral 
polymorphic inversions contributes also to explain part of the 
genetic common variation to ASD. 
The fact that both genetic variants are associated to autism spectrum 
disorders supports the neuroconstructivism theory in 
neurodevelopmental disorders. In one hand chromosomal mosaic 
events cause an alteration of a genomic region in an early 
developmental stage, affecting brain development. In the other 
hand, ancestral polymorphic inversions alleles modulate gene 
expression of the genes contained in its region since the first 
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division. This theory also agrees with the fact that no specific brain 
or functionality is exclusively affected in Autism spectrum 
disorders, and with the shared comorbidity and genetic factors with 
other neurodevelopmental disorders (Mitchell 2011; Bralten et al. 
2017) 
Autism spectrum disorder has been reported as a complex and 
heterogeneous disorder (Hu, Chahrour, and Walsh 2014; Mitchell 
2011), and the fact that the chromosomal mosaic events detected in 
ASD patients were not homogeneous are in agreement, with ASD 
genetic complexity. In addition, the consequences of chromosomal 
mosaic variants are unknown in brain development, but inversions, 
and specifically inv17q21.31, were reported to affect gene 
expression (de Jong et al. 2012) that goes in the same direction as 
the differential expression found in MAPT and CRHR1 for frontal 
cortex and cerebellum tissues from GTEX analysis (Gutiérrez-
Arumí 2016). In addition to these changes, the effect on 
physiological aneuploidy and L1 mediated rearrangements 
dynamics that takes place in brain (Pack et al. 2005; Yurov et al. 
2007) are still subject of debate (Andriani, Vijg, and Montagna 
2017). 
When considering the heritability of autism in monozygotic twins, 
there is still debate about its true estimation, but the conservative 
approach is 50% (Bourgeron 2016). This heritability includes 
ancestral polymorphic variants but not chromosomal mosaicism, 
because chromosomal mosaic events are not inherited and could be 
95 
accounted to environmental factors, as well as somatic point 
mutations. However, gonadal mosaicism in parents can trigger 
rescue mechanisms (trisomic rescue, compensatory for UPD, 
nondisjunction, premature separation of sister chromatids, reverse 
segregation, nondisjunction or anaphase lagging for aneuploidies), 
that triggers the arise of a mosaic population (Sandin et al. 2014).  
Focusing on the endophenotypes of autism, in the analysis of 
chromosomal mosaic events we expected a higher chromosomal 
mosaic rate in simplex or idiopathic cases (0.44%, 14/3152) versus 
multiplex or familiar (0.86%, 3/347), but the rates are not 
statistically different due to the low number of multiplex cases. The 
study of endophenotypes in the two over-transmitted inversions 
inv8p23 and inv17q21.31 showed a stronger association with high 
functionality and multiplex cases (Gutiérrez-Arumí 2016). The 
association with multiplex cases agrees with fact that inversions are 
common inherited variants, and is consistent with the polygenic risk 
model (Gaugler et al. 2014).  
One of the characteristics of ASD is a discussed 4:1 male to female 
ratio (Loomes, Hull, and Mandy 2017; Crow 2000), where the 
lower female ratio has been hypothesized to be caused by a 
protective female effect (Chaste, Roeder, and Devlin 2017). The 
chromosomal mosaic rates differences between gender are not 
statistically different (females - 0.33%, 2/595; males - 0.42%, 
16/3810) which does not agree with the increased prevalence, 
suggesting that chromosomal mosaic events are not affected by the 
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female protective effect hypothesis. When considering the parental 
origin of the event for gains and losses, the results obtained are in 
agreement with the results obtained in the analysis of copy-number 
variants by Sanders (2015) (S. J. Sanders et al. 2015), where gains 
are originated (100% gains with maternal origin). 
 
In the light of the chromosomal mosaicism rates in general 
population (Machiela et al. 2015; Jacobs et al. 2012) for the same 
age bin as ASD probands analysed, chromosomal mosaicism stands 
out as a very rare event. The results presented in this work 
demonstrated that the low incidence of these genetic variants in 
ASD is higher than in unaffected siblings of the same age. 
However, one of the limitations of previous studies was the 
chromosomal mosaic event sizes, limited by the SNP arrays used. 
The availability of high density SNP array data, with more than 1 
million of positions analysed, allows a theoretical effective 
resolution of 6 Kb (Illumina 2010), but in order to have high-
confidence results, we considered a threshold resolution of 400 Kb.  
 
One of the most controversial topics is the relationship between 
chromosomal mosaicism events detected in blood and its presence 
in other tissues, and specifically for this work, in brain. The results 
exposed does not show experimental validation in brain tissue or 
other tissues with ectodermal origin. Even so, previous reports on 
developmental disorders and mosaicism (D. A. King et al. 2015), 
joint with the age bin of the probands (4-18 years old) and the ratio 
of cells affected suggest an embryonic origin, and not a 
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chromosomal instability, carcinogenic event or myelodysplastic 
syndrome, where no concordance has been reported (Blatt, Deal, 
and Mesibov 2010). even when some ASD mutations have been 
related to oncogenic processes (Darbro et al. 2016). 
 
Regarding the mechanisms implicated in the arise of chromosomal 
events, there is only one autosomal event that affects a whole 
chromosome, which is a uniparental isodisomy. The most probable 
mechanism involved is a trisomic rescue or compensatory UPD, 
with parental origin (W. P. Robinson 2000). The other uniparental 
isodisomic events detected could have originated via somatic 
recombination, break-induced replication or nondisjunction, but it 
cannot be clearly determined. Of the remaining events, all the 
autosomal gains are explained by maker chromosomes generation, 
while autosomal losses 6 out of 7 are interstitial and could have 
been generated by break-induced replication or alternative 
nonhomologous end joining mechanisms. 
 
Due to the fact that the mosaic events detected have arisen 
postzygotically, and therefore not present in parents and de novo, 
the number of events that can have consequences in parental 
transmission is only limited to aneuploid gametes or mutation that 
affects chromosomal stability which agrees with the link between 
chromosomal instability and aneuploidy (Thompson and Compton 
2008). This chromosomal instability has been reported as a common 
postzygotic event in cleavage-stage embryos (Vanneste et al. 2009) 
and it explains the low human fecundity. In line with these facts, 
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preimplantation genetic screening for embryonic mosaicism has 
become a routine analysis in preimplantation embryos (Capalbo and 
Rienzi 2017).  
 
About the detection of mosaic loss of chromosome Y (mLOY), a 
new bioinformatic method been developed that replicate previous 
results and improves their methods (Forsberg et al. 2014; Jan P. 
Dumanski et al. 2016; Haitjema et al. 2017) in two essential points. 
The first point is analysing the male-specific region of chromosome 
Y without the X transposed region. The X transposed region is 99% 
identical to Xq21 region, and thus cannot be considered as male-
specific due to its copy-number state of 2 (Cotter, Brotman, and 
Wilson Sayres 2016). The second point is the use a robust model to 
detect alterations in the male-specific Y Log R Ratio (LRR) by 
taking into account the LRR value distribution and the median Log 
R Ratio of this region (mLRR-Y). The previous methods consider a 
normal distribution of these values, which has been proven to better 
adjust with a non-inverse Gaussian distribution. 
 
In addition to the methodological approach proposed, the 
experimental detection of chromosomal mosaic events in ASD, with 
the copy-number estimation obtained by the B Allele Frequency 
(BAF) values, allowed to establish a mathematical relationship 
between LRR and copy-number estate for Illumina arrays. This 
relationship is one of the tools that enables the transformation of log 
r ratio values from a copy-number state of 2 to a copy-number state 
of 1 or vice-versa. This transformation is required to transform LRR 
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values of Y chromosome computed with a default ploidy of 2 to a 
default ploidy of 1 in those cases where the Illumina GenomeStudio 
software have not done it. 
 
When performing association analyses, results show that the use of 
a categorical classification of the mLOY events (normal, LOY, 
GOY) outperforms the use of continuous values of mLRR-Y in 
terms of statistical power, which agrees with the arguments in Yang 
et al (2010) (Yang, Wray, and Visscher 2010). The addition of an 
advanced analysis of the results where the B Allele frequency is 
measured in the pseudoautosomal regions of chromosome X and Y 
adds a higher degree of confidence in the mLOY calls, a procedure 
that was also performed in the literature methods. This method can 
be used to study the importance of Y chromosome loss in sex-
biased disorders like autoimmune diseases where mLOY is 
described (Persani et al. 2012), Parkinson disease (Forsberg 2017) 
and haematological disorders as example.  
 
Regarding the effect and study of ancestral polymorphic inversions, 
while the two inversions found associated with ASD (inv8p23.1, 
inv17q21.31) have been extensively studied and methods are well 
established, the study of putative inversions detected by inveRsion 
software show a higher degree of difficulty, especially in inversions 
where clusters suggest more than two alleles (inv2q13, inv4q13..2, 
inv15q24.2, inv16p11.2), meaning that probably inv8p23.1 and 
inv17q21.31 are the exception rather than the rule. In addition, 
experimental validation in some of the putative inversions by 
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Interphase FISH have not showed conclusive results, except in the 
study of inv22q11.21. This inversion seems to play a mediator role 
in the microdeletion and microduplication syndrome on the 
22q11.21 region, leading to DiGeorge/Velocardiofacial syndrome 
(ANNEX 2) (Demaerel et al. 2017), similar to the inversion in 
7q11.23 region that mediates the microdeletion of region 7q11.23 in 
1/3 of the Williams-Beuren syndrome cases (Osborne et al. 2001). 
The use of single cell strand-seq methods to detect chromosomal 
inversions has led to identify 111 inversions some of which were 
already known (A. D. Sanders et al. 2016), and sequencing methods 
that do not relies in identifying the strand fails to capture inversion 
events between large segmental duplications, even long reads 
(Eslami Rasekh et al. 2017). 
 
The results obtained of the inv8p23.1 and inv17q21.31 show an 
over-transmission and association of the inverted alleles in ASD 
(Gutiérrez-Arumí 2016). The fact that association analyses, 
transmission studies in trios, and differential expression of genes for 
inversions genotype agrees with the message that these inversions 
plays an important role in the common susceptibility to ASD. These 
results are also in consonance with the association of inv8p23.1 
with neuroticism and personality traits (Lo et al. 2017). 
 
One of the main interests in the study of inv22q11.21 is the fact that 
DiGerorge/Velocardiofacial Syndrome is associated with autism 
and schizophrenia, which are determined by the variation present in 
the PRODH and COMT genes included in the region. The results 
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obtained in the analysis of the putative inversion by Fiber-FISH, 
identified two inversion alleles, one located between segmental 
duplication blocks of LCR22C and LCR22D, and another between 
blocks LRC22B and LRC22D (Figure 12). Something to take into 
consideration is that when studying the number of inverted fibers 
and non-inverted fibers by Fiber-FISH, no parent was found 
homozygous for the inversion, and none of the seven probands with 
the most common deletion between blocks LRC22A and LRC22D 
have any inverted fiber. It was discussed that the presence of the 
inversion disrupts the function of essential genes, which agrees with 
the gene disruption theory (Puig, Castellano, et al. 2015). However 
computational predictions of inversion allele frequencies, and the 
selective pressure will have reduced the presence of the inverted 
allele in population, disagrees with this hypothesis. 
 
 
Taking into account the number of inversions detected by single cell 
strand-seq techniques, a large fraction of the detected inversions 
probably are modern inversions that have not accumulated enough 
sequence divergence to be characterized using the SNP techniques 
Figure 12: Structure of the 22q11.21 region in the reference 
genome 
This figure describes the 22q11.21 region linked with DiGeorge Syndrome 
(hg19) obtained from UCSC genome viewer. The red boxes indicate the 
segmental duplication blocks in the region. 
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used in this work. In addition, the paper of segmental duplications 
in the generation of new inversions seems of utmost importance 
 (Dennis et al. 2017), and there is a lot of work in this field to do in 
order to identify the mechanisms of fixation of an inversion allele, 
as well as the current inversion load that are shaping the evolution 







In the present dissertation chromosomal mosaic rearrangements and 
ancestral polymorphic inversions are analysed in the context of 
neurodevelopmental disorders: 
• Chromosomal mosaic events detectable in blood samples 
are responsible for a small but significant proportion of 
patients with ASD (0.45%), implying that the contribution 
of somatic mutation to ASD is more important than 
previously expected. 
• Detection of chromosomal mosaic events contributes novel 
genes and genomic regions that are involved in ASD 
aetiology. 
• The use of two methods to detect chromosomal mosaic 
events (MAD and triPOD) allowed a better interpretation of 
the SNP array data and their processing. This understanding 
lead to the improvement of the MAD algorithm and the 
creation of a mosaic event simulator.  
• We have optimized bioinformatic methods and algorithms 
to detect and quantify Loss of chromosome Y using data 
from SNP arrays, generating MADloy as a tool available 
for the scientific community (Through github at 
https://github.com/isglobal-brge/MADloy). 
• MADloy over-performs in comparison to existing methods, 
and can be used to analyse large datasets in a fast manner. 
A derived method recently developed by our group (not 
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included in this thesis) is able to detect loss of chromosome 
Y using NGS data. 
• Two ancestral polymorphic inversions, inv8p23.1 and 
in17q21.31, are associated with autism risk, in agreement 
with previous results showing over-transmission of risk 
alleles to autistic probands from parents. 
• Improvements of the invClust method to genotype ancestral 
inversions using SNP array data allowed the definition of 
multiallelic inversions to better define allelic association 
studies in neurodevelopmental and other disorders. 
• Computational prediction revealed a novel multiallelic 
inversion in 22q11.21 region which has then been validated 
by fiber-FISH. Heterozygosis for this inversion is a 
predisposing factor for the generation of the most common 
recurrent microduplications and microdeletions, with 
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